Fermentation of both dietary fiber (DF) and protein in the pig intestine is a matter of interest because of their potential beneficial or harmful effects on gut health and on the environment. This paper reviews some of the relevant information available on DF and protein fermentation and their interactive effects on the gut environment of pigs and its contribution to emission of nitrogenous gases and odor from pig manure and piggeries. The fermentation of protein and the associated production of metabolic compounds are discussed in relation to DF fermentation, their impact on gut health, bacterial protein synthesis and nitrogen (N) excretion. Some nutritional strategies to reduce protein fermentation in the gut such as the reduction of the amount of crude protein (CP) in the diet and/or the inclusion of fermentable DF are also presented. Also, to cope with the negative impact of intensive pig production on the environment, different nutritional approaches such as reducing N excretion by lowering CP intake, shifting the N excretion pathway from urine to feces and lowering the pH of manure by lowering the pH of urine and feces have been reviewed. Overall, inclusion of DF and reduction of CP in pig diets seems to be an effective nutritional strategy that may counteract the negative effects of protein fermentation in the pig gut by reducing ammonia concentration, shifting N excretion pathways in the gut and minimizing the negative impact of intensive pig production on the environment.
Introduction
The modern pig production systems are criticized for their negative impact on the environment due to nitrogenous gases excretion and odor emission from barns. Nitrogenous gases emitted from piggeries are also found to have a negative impact on the health of barn workers as well as the pigs themselves. Even low levels of ammonia (25 ppm) in pig barns induce nasal irritation and depression of growth in pigs (Urbain et al., 1994) , while air quality in the confinement of a pig facility can cause acute respiratory responses in humans (Zhang et al., 1998) . Thus, measures to mitigate nitrogenous gases excretion and odor emission from pig facilities need attention. To deal with these challenges, several alternative approaches have been forwarded, including nutritional manipulation in the swine feeding program. The effectiveness of these nutritional strategies in reducing nitrogenous gases and odor emission from piggeries and improving gut health and bacterial protein synthesis are based on the effects of diet composition, especially dietary fiber (DF) and protein, on nutrient digestibility and metabolism, and on the fermentation rates in the large intestine.
Ammonia emission from pig manure originates mainly from urea in the urine. Nitrogen (N) in the feces comprises undigested dietary N and endogenous N, mainly as amino acids (AA), and microbial N, partly present in nucleic acids. One approach to reducing ammonia emission is through dietary manipulation. In this respect, DF plays an important role in reducing ammonia emission (Aarnink and Verstegen, 2007) and improving gut health (Williams et al., 2001; Montagne et al., 2003) . Dietary fiber is fermented by gut bacteria, producing short chain fatty acids (SCFA, Jha et al., 2010; Jha and Leterme, 2012) , which in turn, supports the growth of beneficial bacteria and suppress harmful bacteria in the gut (Pieper et al., 2008) . The gut bacteria induce a shift of N excretion from urea in urine to feces (Zervas and Zijlstra, 2002; Bindelle et al., 2009 ). On the other hand, the urea concentration in manure is highly dependent on protein nutrition and can be altered by changing dietary protein content. A reduction in dietary crude protein (CP), while balancing for AA, decreases the urinary and total N excretion (Zervas and Zijlstra, 2002) without affecting the performance and carcass quality of growing pigs (Jha et al., 2013; Morales et al., 2015) . Moreover, unpleasant odor from stored pig manure results largely from compounds like sulfurous compounds, indolic and phenolic compounds, volatile fatty acids, and ammonia and volatile amines, which are the products of incomplete anaerobic digestion of protein and carbohydrate (CHO). Odors are mainly produced by the microbial conversion of feed components in the large intestine of pigs and after excretion by microbial conversion of excreta under anaerobic conditions in manure. It is generally accepted that odorous compounds produced by protein fermentation in the gastrointestinal tract (GIT) and in manure have a higher offensive sensory response and a higher magnitude of odor sensation than straight-chain volatile fatty acids produced from fermentable CHO. Therefore, CP is the first dietary component that should be altered to minimize odor.
To address these concerns and give a better understanding of interactive effects of DF and protein fermentation and their effects on gut health and on the environment, this paper has reviewed different aspects of DF and CP in swine nutrition. More specifically, DF and protein fermentation, and their pathways and end metabolic products are first briefly reviewed. Also, the nutritional approaches to reduce protein fermentation, the relation between CHO [both fiber and resistant starch, (RS)] and protein fermentation and its effects on gut health, bacterial protein synthesis as well as odor emission from pig manure have been highlighted. Finally, the impact on nitrogenous gases emission from piggeries and the strategies to reduce N excretion and odor emission are also assessed.
Physiology and biochemistry of carbohydrates and protein in pigs
The processes in the GIT of pigs are of great importance in understanding the influence of nutrition on metabolism. Microorganisms come in contact with undigested material or endogenous substrate to a considerable degree mainly in the lower parts of GIT, from the terminal ileum to the rectum. The GIT of the pigs can be divided broadly into three different compartments: stomach, small intestine and large intestine. The digestion start in the stomach, which has a lower pH, and a limited amount of microbial activity, may occur in the small intestine when the pig ingests high amounts of feed. Most of the available nutrients (CHO, protein, fat, minerals and vitamins) are absorbed in the small intestine. In the large intestine, undigested feed components (mainly DF, lipids and insoluble protein) and endogenous secretions are fermented by microorganisms. In this part, only SCFA and some vitamins can be absorbed, which contribute to the nutrient supply of the pigs.
Digestion is the process of chemical breakdown that allows absorption of nutrients by enzymes secreted into the lumen of the GIT (Tso and Crissinger, 2000) . The enzymes are secreted by glandular cells in the mouth, chief cells in the stomach, exocrine cells in the pancreas, and brush-border intestinal glands (Johnson, 2001 ). Mammalian enzymes may hydrolyze a limited number of linkages such as ␣(1-4) in starch and maltooligosaccharides, ␣(1-6) in starch and dextrins, ␤(1-2) in sucrose, and ␤(1-4) in lactose. Other linkages (e.g., ␤(1-4) in cellulose) are not hydrolyzed by endogenous mammalian enzymes and need to be hydrolyzed by bacterial enzymes in the process of fermentation (Tso and Crissinger, 2000) .
The fermentation is an energy-conservation process, in which electrons from a few reactions such as redox, hydrolysis, phosphorylation or lyses are transferred to part of the substrate. From this process, energy is derived, leading to the production of ATP, which is used for bacterial basal and growth metabolism. During fermentation of DF in the pig intestine, the microbes start breaking down polysaccharides into smaller polysaccharides or the constituent monosaccharaides; but in these processes, the substrate is only partially oxidized and only a small amount of energy is extracted for microbial growth. The monomers are absorbed into the microbial cell and channeled into the pathways of central metabolism. The majority of anaerobic microorganisms of the large intestine, except bifidobacteria, use the glycogenesis pathway to degrade glucose to pyruvate via glucose-6-phosphate, which is later oxidized to acetate, propionate or butyrate. Pentose and pectin are first metabolized by the pentose phosphate pathway (Macfarlane and Macfarlane, 2003) starting from the pentose to fructose-6-phosphate and glyceraldehyde-3-phosphate via xylulose-5-phosphate. As a result, SCFA (acetate, propionate and butyrate) and gases (CO 2 , H 2 and CH 4 ) are the main end products of intestinal DF fermentation. Other metabolites such as lactate, ethanol and succinate are also formed by different types of bacteria (Drochner et al., 2004) . With the possible exceptions of ethanol, these products do not accumulate in a healthy gut, because they serve as substrate and electron donors for crossfeeding bacteria and are further converted into SCFA (Macfarlane and Gibson, 1995) . Further details on fiber fermentation and its effect on the pig intestinal physiology and health can be found in recent review papers (Aumiller et al., 2015; Jha and Berrocoso, 2015) .
Proteins available to bacteria for fermentation are dietary proteins that escape digestion in the small intestine, along with some proteins of endogenous origin (Macfarlane et al., 1992) . The end products of protein fermentation are also different from those of DF fermentation. The proteolytic fermentation results in the production of SCFA, especially branched chain fatty acids (BCFA, mainly iso-butyrate, valerate and iso-valerate). These BCFAs are formed by the metabolism of branched chain AA such as valine, leucine and isoleucine. Among the fermented proteins, about 30% are converted to SCFA, of which BCFA constitute between 16 and 23%, depending on the substrate type (Macfarlane et al., 1992; Cone et al., 2005) . In addition, some potentially toxic metabolites like ammonia and amines (Cone et al., 2005) as well as malodorous compounds such as skatole and indole (Jensen et al., 1995) are also produced. The indolic, phenolic and sulfurous compounds in manure are produced from protein and come from three main pathways (Le et al., 2008) . First, protein is partly fermented in the large intestine and the bacterial proteolysis induces the production of BCFA (mainly iso-butyrate, valerate, and iso-valerate), malodorous compounds, amines and ammonia originating from the deamination of AA and indolic and phenolic and sulfurous compounds. These compounds are then transferred to the liver, where these are detoxified to glucuronides and then excreted via urine. Second, unfermented protein in the feces can be fermented in the manure, and indolic, phenolic and sulfurous compounds are produced. Third, a small proportion of indolic, phenolic and sulfurous compounds are excreted directly via feces. In addition, sulfurous compounds in the manure can be produced from sulfates excreted via urine, which mainly originate from excreta of excess sulfur containing AA absorbed in the small intestine of the pig.
Effects of modulating the protein level in diets
Lowering the amount of CP in the diet (Htoo et al., 2007 ) is found to be effective in reducing protein fermentation in the gut. The fermentation of undigested dietary protein and proteins of endogenous origin entering the large intestine yields putatively toxic metabolites that can impair epithelial integrity and promote enteric disorder such as the incidence of postweaning diarrhea (PWD). Most of the published work on piglets (Nollet et al., 1999; Htoo et al., 2007; Wellock et al., 2008) shows that feeding a low-protein diet after weaning decreased intestinal flow of N and protein fermentation indices in the GIT and that this is linked to a reduction in the incidence of PWD. In this respect, Heo et al. (2010) compared a high-protein diet that contained 240 g/kg CP with a low protein diet with 190 g/kg of CP and reported an increased N flow at the terminal ileum which caused a higher amount of N to be available for bacterial fermentation in the distal gut of the piglets at 35 d of age. Also, increases in microbial protein in the colon should be expected when a sufficient amount of fermentable CHO are present. Also, Htoo et al. (2007) reported that the protein content of pig starter diets can be reduced safely by about 200 g/kg while balancing with limiting AA according to ideal protein ratios, which will also reduce the production of potentially harmful microbial metabolites in the caecum.
Changes in the gut microbiota and fermentation end products that alter the gut health
Dietary and endogenous proteins are utilized in the GIT through microbial fermentation. Bacterial AA metabolism occurs via oxidative and reductive reactions including deamination and decarboxylation. A large variety of bacterial species such as Escherichia coli, Klebsiella spp., Campylobacter spp., Streptococcus spp., Clostridium perfringens, Clostridium difficile and Bacteroides fragilis have been reported as dominant protein fermenters. Bacterial AA utilization also contributes to the formation of SCFA in the GIT. Protein fermentation products such as ammonia can interfere with the oxidative metabolism of SCFA in colonocytes, likely inducing energy deficiency in the cell (Blachier et al., 2007) . Decarboxylation of AA yields several biogenic amines such as histamine that can induce chloride secretion and diarrhea in the colon of pigs (Kröger et al., 2013) .
Among the several factors responsible for diarrhea in pigs, enterotoxigenic strains of E. coli are major ones (Williams et al., 2001) . The E. coli colonize the small intestine under multifactorial conditions and a high level of dietary protein predisposes to the condition. Heo et al. (2009) found that pigs challenged with E. coli had lower growth rate and decreased gain-to-feed ratio compared with non-challenged pigs from 28 to 70 d of age. However, there was a marked reduction in the incidence of diarrhea after infection with ␤-hemolytic E. coli and feeding a low-protein diet for 7 or 14 d after weaning. It suggests that protein fermentation selectively affects the microbiota in the gut and can influence the pig's health condition.
Increase in protein fermentation leads to increased ammonia and amine concentration in the colon (Macfarlane et al., 1992) , whereas these compounds are found only in small amounts in a healthy colon. The increased ammonia concentration in the gut can negatively affect the development of the intestinal mucosa and villus height (Nousiainen, 1991; Davila et al., 2013) , which in turn adversely affect the digestion and absorption processes in the intestine. Ammonia generated in the colon readily passes across the gut wall; thereby gaining access to other tissues of the body, which can be detrimental for the host's health (Cone et al., 2005; Bikker et al., 2006) .
Changes in the N emission in feces or urine and gases
The main nutrients of environmental concern are N, phosphorus and heavy metals, while the main gaseous losses are ammonia and methane (Aarnink and Verstegen, 2007; Beccacia et al., 2015) . Most of the ammonia in pig manure originates from the breakdown of urea while a small amount comes from the breakdown of protein in feces (Aarnink et al., 1993) . The activity of urease determines the rate at which urea is converted into ammonia. Urease is present only in feces, not in urine. Thus, the conversion of urea to ammonia only starts when urine mixes with feces or comes in contact with soiled floors . At the manure storage pit, protein breakdown from manure is a slow process, which might take weeks or even longer. Is it assumed that almost half of the N excreted by urine and feces can emit during storage of the manure inside the pigs' house and during surface application of the manure. On the other hand, the degradation of urea to ammonia and carbon dioxide can occur only in few hours, but the process is affected by several factors like ammonia concentration, pH, temperature, air velocity and emitting surface area (Aarnink and Verstegen, 2007) .
To deal with the negative impact of intensive pig production on the environment, nutritional approaches have been suggested, such as reducing N excretion by lowering CP intake, shifting N excretion from urea in urine to protein in feces, and lowering the pH of manure by lowering the pH of urine and feces (Aarnink and Verstegen, 2007) . The concentration of urea in urine and the pH of feces and urine are important characteristics of excreta to determine ammonia emission from a pig facility. The urea concentration of urine highly depends on the protein level of the diet (Jongbloed, 2008) . Manipulating the protein content can thus change it. In practice, dietary protein levels generally exceed the pig's requirements and are thus not totally utilized by the pigs. Several studies have shown that the protein content of diet can be reduced by 3-4% without any negative effect on growing pig performance (Canh et al., 1998b; Ball and Möhn, 2003; Jha et al., 2013) . Some portions of proteins, for example ∼25% of protein in a typical corn-soybean meal based diet, cannot be utilized, due to unbalanced AA. These overabundant or unbalanced proteins/AA are broken down to N and excreted as urea in urine. Thus, supplying balanced protein/AA contents and matching the closest possible amount to the requirement of the pig can contribute to reduce N excretion.
Using a mathematical model, Aarnink et al. (1993) estimated that the reduction of CP by 10 g/kg in a diet can reduce ammonium N in manure by 9%, which is almost double that of the first documented report on the role of reduced CP level on reducing N excretion (Lenis, 1989) . Confirming the model estimate, Mohn and Susenbeth (1995) found that a reduction of 200 g/kg in dietary protein can reduce N excretion by up to 35%, if the low-protein diets offer adequate AA concentration. Thereafter, several attempts were made to explore the in-depth relationship of CP content in diet and N excretion. Canh et al. (1998b) , in comparing three levels of protein content (165, 145 and 125 g/kg), found that every 10 g/kg reduction in CP in diet reduced ammonia content of the manure by 10% and ammonia emission by 10-12%. The effect of CP and the ammonia reduction ratio was a little higher in this study than in studies reported by other researchers, which might be explained by the fact that the pH of the manure had been lowered. Similarly, Sutton et al. (1999) reported a 28% reduction of ammonium and total N concentration in manure when CP was reduced by 30 g/kg (from 130 to 100 g/kg) in corn-soybean meal-based diets supplemented with lysine, tryptophan, threonine and methionine in growing pigs. Such reduction in N can be expected from sows as well (Ball and Möhn, 2003) . Reviewing several studies, Kerr (1995) noted that there is wide variation in the effect of reducing the CP content with AA supplementation on N excretion, ranging from 3.2 to 62% (average around 8.4%), which depends on the size of the pig, level of dietary CP reduction, and initial CP level in the control diet.
Changes in odorous compounds
The reduction of dietary CP in pig's diets and supplemental synthetic AA decreases manure concentrations of odorous compounds and maintains animal performance. In this respect, Hobbs et al. (1996) compared a control diet with 200 g/kg CP with a diet that contained with 140 g/kg CP and reported that reducing dietary CP but providing essential AA in an ideal protein ratio decreased the N excreted by the pig and the odorants produced in the resultant slurries. Similarly, Leek et al. (2007) reported a quadratic effect between odor emission rate and the level of dietary CP (130, 160, 190 and 210 g/kg) . The authors observed that the reduction in odor rate between diets with 210 and 160 g/kg of CP decreased odorous products arising from the fermentation of protein. However, the odor rate increased as the concentration of dietary CP was reduced below 160 g/kg but remained lower than the odor rate of diets containing 190 or 210 g/kg of CP. These results suggest that factors other than the CP level of the diet, such as protein and starch fermentation, as well as DF sources used, might modify the production of odorants. In this respect, Miller and Varel (2003) reported that fermentation of starch in manure also contributes to the production of odorous compounds and conclude that achieving an optimum dietary balance between CP and starch may minimize odor emissions.
Effects of modulating levels and sources of dietary fiber as a strategy to interact with protein synthesis and fermentation
Dietary fiber is associated with impaired nutrient utilization and reduced net energy values. However, a minimum of DF has to be included in the diet to maintain normal physiological functions in the GIT (Wenk, 2001 ). In addition, the inclusion of DF in swine diets could improve gut health by different mechanisms as a result of its fermentation activity and responses. Moreover, the negative impacts of DF are determined by the fiber properties and may differ considerably between fiber sources. In fact, the physiological properties of NSP and their fermentability are poorly predictable from the monomeric composition and are more related to their physico-chemical characteristics like solubility, viscosity, physical structure and water binding capacity (WBC; Asp, 1996) .
The physico-chemical characteristics of DF, mainly solubility and WBC, and the level of neutral detergent fiber in the diet have greater influence on the fermentation of DF. Soluble fiber sources are fermented at a faster rate, mainly at the proximal colon, whereas insoluble fiber sources have a higher WBC and greater degree of swelling (Oakenfull, 2001) and are fermented at the distal colon (Cho et al., 1997) . However, Gutierrez et al. (2013) reported that ileal fermentation of DF was not affected by the level of insoluble fraction of the fiber or the amount of substrate present. In contrast, Graham et al. (1986) reported that the amount of soluble DF affect the degree of fermentation before the end of the ileum, and the fermentation of DF in the small intestine is directly related to the proportion of soluble DF. Soluble DF sources are quickly fermented in the proximal colon, and microbial biomass can itself be fermented in the distal colon, places where the microorganisms present become available as fermentable protein. Therefore, a strategy to prolong fermentation of CHO to distal colon would be important. Insoluble DF sources are slowly fermented and maintain the fermentation throughout the large intestine, reducing the occurrence of proteolytic fermentation in the large intestine (Shim et al., 2007) . In this respect, Shim et al. (2007) reported that a mixture of slowly fermentable (high-polymer inulin) and rapidly fermentable (low-polymer inulin) sources produces more total gas production and also may to prolong the fermentation of CHO to distal colon. Although the fibers are primarily fermented in the large intestine, a significant amount of DF, mainly the soluble fraction, is fermented in the small intestine as well (Jørgensen et al., 1996; Jha et al., 2010; Jha and Leterme, 2012) . In this respect, Böhmer et al. (2005) found that more than 55% of dietary inulin, a highly fermentable and soluble fructan, was digested in the small intestine. The population of active bacteria becomes significant in the distal small intestine. As a consequence, the bacterial biomass accumulation occurring before the intestinal content reaches the large intestine contributes to a small but significant extent to the amino acid requirements of pigs (Torrallardona et al., 2003) .
Changes in the gut microbiota and fermentation end products that alter the gut health
Beneficial effects of DF on intestinal functions and on the bacterial profile and fermentation are related to changes in the physicochemical characteristics of the digesta, including transit time, solubility, fermentability, viscosity or water retention capacity of the digesta. Differences between soluble and insoluble NSP have been shown to influence the digestive and fermentative processes in the growing pig. The fermentation of fiber sources by the GIT microbiota results in the generation of SCFA, and therefore, microbial fermentation in the hindgut has important implications for the gut health of the pig. Molist et al. (2009) reported an increase in the concentration of SCFA in the cecum of pigs fed diets containing 40-80 g wheat bran or 30-60 g SBP/kg of diet as compared with pigs fed a control diet without any fiber supplementation on 10-15 d post weaning. The authors concluded that the increases in the SCFA concentration with the NSP-rich diets could be associated with a higher water retention capacity of the digesta, which has been used as a predictor of the degradability of the DF (Drochner et al., 2004) .
The inclusion of DF in the diet influences the composition and activity of microbiota in the GIT (Williams et al., 2001) . This, in turn, may provide some protection against intestinal disorders. High or moderate amounts of DF increase the number of Lactobacilli and tend to decrease the number of some coliforms and reduce ammonia concentration in the small intestine (Kreuzer et al., 1998) . Berrocoso et al. (2015) reported a decrease in E. coli and an increase of lactobacillus counts in the cecum of pigs at 43 d of age with the inclusion of SBP (50 g/kg) in diet as compared with control diet without any fiber supplementation. The authors attributed the beneficial effects of SBP inclusion to the fermentation of pectin present in SBP. Also, Molist et al. (2009) reported that diets with a higher amount of insoluble NSP (80 g/kg) or a combination of insoluble and soluble NSP (40 g/kg and 30 g/kg, respectively) promote a beneficial shift in the microbial colonization, with a higher butyric acid production in the large intestine and lower enterobacteria counts in the digesta. Similarly, Gerritsen et al. (2012) reported that the inclusion of insoluble NSP in the diet increases the stomach weight and the amylase activity in the intestinal brush border together with lower E. coli counts in the ileum and colon digesta. Diets low in soluble NSP, oligosaccharides or RS were found to reduce clinical dysentery in pigs experimentally infected with Serpulina hydysentriae (Pluske et al., 1996; Siba et al., 1996) , which was confirmed later by Pluske et al. (1998) . In a companion study, Pluske et al. (1998) also found that pigs fed a diet based on cooked white rice were fully protected against swine dysentery. Mateos et al. (2006) reported that the inclusion of up to 4.0% oat hulls into a low-fiber diet (5.5% NDF and 2.2% crude fiber) reduced PWD in weaning pigs from 21 to 41 d after weaning. Similarly, adding oat hulls to weaned pig diets based on extruded rice decreases protein fermentation, tends to decrease total biogenic amine concentrations, and decreases the incidence of PWD (Kim et al., 2008) . This suggests that insoluble fiber sources like oat hulls could also reduce PWD, depending on the place where the protein is fermented in connection with fermentation of CHO and when there is an imbalance in the CHO:protein ratio entering the pig's large intestine.
Changes in the N emission in feces or urine and gases
Dietary fiber inclusion in pig diets also has been used extensively to reduce ammonia emission. The addition of NSP from soybean hulls and/or sugar beet pulp (SBP) in pig diets reduces the urinary N excretion ratio and, thereby, ammonia emission (Mroz et al., 2000; Beccacia et al., 2015) . In this respect, Beccacia et al. (2015) compared a control diet with a diet supplemented with 150 g/kg of orange pulp as a soluble fiber source and reported that the inclusion of soluble fiber led to a decrease of urinary N excretion ratio from 2.0 to 1.3. The authors noted that this reduction in the ratio could be due to an increase in the amount of N used for microbial protein synthesis in the hindgut, which is excreted in feces (organic N) instead of urine (urea N). However, other researchers reported discrepancies with respect to its effect on urinary N excretion ratio when more insoluble fiber sources were used. For example, Zervas and Zijlstra (2002) and Bindelle et al. (2009) reported that the inclusion of oat hulls in the diet did not reduce this ratio. Similar results were found in a study by Canh et al. (1997) , where the increase in NSP content from 140 to 310 g/kg in the diet decreased the urinary N excretion ratio from 3.8 to 1.2 and the apparent N digestibility from 85 to 75%. Also, Kreuzer and Machmüller (1993) found that the addition of 100-220 g/kg NSP in pig diets reduce urinary N excretion by 20-28%. Jongbloed (2001) was able to show a clear relation between NSP content of the diet and the urinary N excretion ratio (Fig. 1) .
Feeds with high contents of pectin and hemicellulose, like citrus pulp and SBP, are more effective DF sources to reduce N loss in manure as compared to cellulose from rye bran and RS from cassava (Kreuzer et al., 1998) . This can be ascribed to their fermentative capacity, which affects the N utilization pattern in the intestines. Sutton et al. (1999) reported that the manure of pigs fed a grain-based diet lost 2.4% of the initial N in the form of ammonia, as compared to 1.4% with SBP-based diets during a 7-d storage period. Supplementing enzymes in cereal-based diets also affects ammonia emission. Garry et al. (2007) studied the effect of diets based on barley or wheat, supplemented or not with exogenous enzymes (endo-1,3(4)-␤-glucanase and endo-1,4-␤-xylanase) on ammonia emission in growing-finishing pigs. They found that the addition of an enzyme to the wheat-based diet decreased the rate of ammonia emission while the enzyme's addition to the barley-based diet increased both odor and ammonia emissions. Ammonia production from manure during 10 d was higher with maizeand wheat-based diets (11.3 and 12.1% of the N intake, respectively) than with barley-based diets (6.6%). This confirms the role of the NSP in the reduction of ammonia emission.
The microbiota in the large intestine synthesizes nitrogenous cell components and secretions from simpler molecules such as ammonia, AA and peptides, using CHO as the principle energy source. With an increased supply of CHO as an energy Fig. 1 . Relation between non-starch polysaccharides (NSP) content of the diet and the urine N excretion ratio (Jongbloed, 2001 ).
source, any excess of indigestible protein is more likely to be incorporated into bacterial proteins than to be fermented and used as a source of energy (Houdijk et al., 1998) . It is reported that 60-90% of fecal N is of bacterial origin (Rubio, 2003) . Similarly, Cummings (1984) mentioned that most of the N excreted through the feces in humans and animals fed DF is considered to come from bacterial fermentation in the large intestine. The undigested protein available in the large intestine (which is of both dietary and endogenous origin) is utilized by resident bacteria as a source of N, resulting in increased bacterial proteins. The bacterial degradation of proteins starts in the stomach, as indicated by an increased formation of ammonia and, to a lesser extent, amines, phenol and p-cresol. Moreover, blood urea is the key supply of N for bacterial proliferation in the colon. In the presence of highly ureolytic bacteria in the cecum, the urea concentration gradient favors a net transfer of urea into the cecal lumen (Younes et al., 1995) ; thus bacteria enhance the urea transfer from blood to the large intestine (Morales et al., 2015) . The ammonia generated by bacterial urease is used by bacteria for protein synthesis, which increases the amount of N present in the feces and decreases N excretion in urine, in the form of urea (Kirchgessner et al., 1994; Younes et al., 1995) . The synthesis of microbial protein causes less ammonia to be reabsorbed from the colon.
Lowering the pH of feces and manure is also an efficient means of reducing ammonia emission since ammonia is soluble under its protonated form (NH 4 + ). Microbial fiber fermentation in the large intestine results in the acidification of the digesta due to SCFA production, resulting in the reduction of the pH of feces and manure, while the opposite is found when protein is fermented, due to ammonia production. In a series of experiments, Canh et al. (1997 Canh et al. ( , 1998a Canh et al. ( , 1998c reported reduced pH of feces and manure when pigs were fed diets containing fermentable fiber sources, apart from the shift in N excretion pathway. For each increase of 100 g of non-starch polysaccharides (NSP) in pig diets, the pH of the slurry decreased by 0.12 units and ammonia emission was reduced by 5.4%. The decrease in pH was partly attributed to the decrease in the NH 4 -N content of the slurry as well as to increased SCFA concentration of the slurry following CHO fermentation (Canh et al., 1998a) . Similarly, lowering the pH of urine can lower the pH of manure, thus reducing ammonia release from the storage. The urine pH can be altered by changing the electrolyte balance of the diet (Patience et al., 1987) .
Changes in odorous compounds
Changes in DF content are also purported to affect odor emissions from manure, although the effect is more complicated than is the case for protein reduction. The presence of NSP influences the bacterial dynamics in the hindgut and directly impacts the production of odorous compounds such as SCFA, amines, and sulfides. In this respect, Canh et al. (1997) reported that an increases of fermentable CHO in diets increases manure SCFA concentrations. This increase may impact manure odor concentration, because SCFA are important odorous compounds in manure storage. De Camp et al. (2001) compared a control diet with diets supplemented with 100 g/kg soybean hulls as fiber sources and reported a 32% increase of total SCFA concentration in 6-week-stored manure and an 11% reduction in odor concentration. However, Gralapp et al. (2002) reported no difference in odor concentration when 100 g/kg distillers dried grain was added to the diets of finishing pigs. Finally, the pattern of odor emissions could be due to a number of reasons; for instance, limiting protein fermentation and increasing CHO fermentation in the large intestine can reduce the production of some of the most offensive-smelling compounds emanating from pig production. In this respect, both protein and CHO fermentation contribute to the production of acetic acid; however, the BCFAs, i.e. iso-butyric and iso-valeric acid, are produced exclusively from protein fermentation and have a more offensive odor than the straight-chain SCFAs (Mackie et al., 1998) .
Conclusion
The reduction in CP content in the diet (less than 190 g/kg), together with the inclusion of moderately fermentable fiber sources will reduce the production of harmful microbial metabolites in the large intestine as well as the incidence of intestinal disorders in pigs. There is high bacterial N uptake when pigs are fed with fermentable fiber sources, suggesting that, in presence of higher levels of fiber substrate for fermentation, the resident microbiota in the large intestine retain more N for their own growth. There is, thus, increased bacterial protein mass and also a shift in N excretion pathway from urine to feces. The inclusion of soluble fiber leads to a decrease of urinary N excretion. Finally, dietary CP and DF manipulation is an effective tool to reduce nitrogenous gases from piggeries. Nitrogen excretion, ammonia emission from pigs, and manure concentrations of odorous compounds can be reduced substantially by strategically decreasing dietary protein and increasing fermentable fiber in pig diets, although the effect of changes in content of DF is relatively less complex than is the case for protein reduction. Therefore, the inclusion of DF and reduction in dietary protein content can be used as a nutritional strategy to optimize intestinal health of early-weaned pigs.
